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Abstract 
Segmented Poly(ethylene terephthalate-co-caprolactone (PET-PCL)) 
copolymers w i th PET contents o f 13%, 48% and 58% have been characterized by 
a combination o f static and dynamic Laser Light Scattering (LLS). Two problems 
were encountered in the characterization o f this copolymer. The first one is to 
determine the specific refractive index increments for both the PET and PCL 
segments in the copolymer, i.e. Upet and Upcl； The second one is to find three 
solvents w i th their refractive index different from PET-PCL, which is required in 
the traditional Bushuk-Benoit light scattering method. In principle, Upet and Upcl 
can be obtained respectively from the PET and PCL homopolymers. In reality, it 
involves many practical problems, e.g., to find three solvents not only for 
copolymer but also for the PET and PCL homopolymers. In this study, a different 
method was used to find both Upet and upcl, wherein the u values o f at least two 
segmented PET-PCL copolymers wi th different PET content were used. 
Moreover, we have developed a new two-solvent method for the characterization 
o f copolymer, wherein for each solvent, the apparent weight-average molecular 
weight measured in static LLS was used as a constraint to convert the line-width 
distribution from dynamic LLS into the apparent molecular weight distribution and 
two apparent molecular weight distributions were combined to give the true 
molecular weight distribution o f PET-PCL, together wi th an estimate o f the chain 
composition distribution o f PET-PCL. For PET-PCL wi th 13% o f PET, the 
molecular weight obtained from our two-solvent method are comparable to those 
from the traditional three-solvent method. The two-solvent LLS method 
developed in this study not. only reduce the amount o f the expended work, but also 
made some copolymer characterization possible. 
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1. Introduction 
The mechanical properties of the segmented copolymer poly(ethylene 
terephthalate-co-caprolactone (PET-PCL)) show that it is a thermal viscoelastic 
material/ The repeating unit of PET is a combination o f a diacid and a diol 
(Figure 1). I t has high crystallinity. The repeating unit o f PCL is a hydroxyacid 
(Figure 1) and it is soft and sticky in nature. The copolymer PET-PCL made of 
these two kinds o f polymers can take the advantages o f PET and PCL. The hard 
segments (PET) can crystallize to form the physical cross-linking points. Usually, 
the soft segments (PCL) are not expected to be crystal, so that they contribute to 
the elasticity o f the materials. As the amount o f PET increases, this polymer can 
gradually change from a low module elastomer to a high module tough plastic. 
Therefore, the characterization of this type of segmented copolymer, especially its 
absolute molecular weight and chain composition distribution, is crucially 
• 2 
important to its various applications. 
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Figure 1. Repeating unit o f PCL and PET. 
Laser light scattering (LLS), especially static or classic LLS as an absolute 
analytical method has been well developed to characterize homopolymers in terms 
o f the weight-average molecular weight (M^), the z-average radius o f gyration 
(< Rg or simply Rg) and the second virial coefficient (A�） in various solvents 
‘1 
and sometimes under extreme experimental c o n d i t i o n s . H o w e v e r , in contrast to 
the characterization o f homopolymers, only a limited number o f experimental 
results on copolymers have been reported. Among them，only Chu et al7 have 
used dynamic LLS to characterize a copolymer which is actually a 
(quasi)terpolymer. The limited static LLS application to copolymers is partially 
because it requires at least three times the amount o f work when compared wi th 
that for a homopolymer, and partially due to the difficulty o f finding at least three 
solvents for the polymer wi th different refractive index increments (u). Dynamic 
L L S application to copolymers is mainly limited by the fact that polymer chains 
w i th different molecular weights and chain compositions can yield the same 
hydrodynamic radius, which is the same problem encountered in the application o f 
size exclusion chromatography (SEC) to copolymers. Therefore a few academic 
investigators have spent much time in trying to develop LLS method to the point 
where it could be used to characterize the molecular weight or determine the 
molecular weight distribution of a copolymer. However, the problem still remains 
to be solved. Nowadays, on the one hand, more and more applications o f 
copolymers require that both the molecular weight and the chain composition 
distribution be known; on the other hand, dynamic LLS in the past 15 years has 
been developed into a standard technique in many academic and industrial polymer 
laboratories. I t is the aim o f this work to present a modified LLS method wherein 
a combination o f static and dynamic LLS results wi l l enable us to determine not 
only the weight average molecular weight but also the molecular weight 
distribution and an estimate o f the copolymer chain composition distribution. 
For the determination o f the absolute weight average molecular weight o f 
copolymers, a theoretical treatment o f copolymer in solution was first developed 
‘2 
by Stockmayer et al.^ and then refined into a more practical form by Bushuk and 
Benoit^ long time ago, who showed that the apparent weight average molecular 
weight (Mw,app) obtained from a light-scattering experiment is related to the 
absolute weight average molecular weight, Mw, by 
f \ f \2 
U A - \JR 1 ( U A - OR 1 
M 臂 = M w + J + J (1.1) 
wi th P = ZWiMi(x i - <x>) and Q = EWiMi(xi - <x>)^, where Ua，Ub and u are the 
specific refractive index increments of segment A, segment B，and copolymer, 
respectively; Xi is the composition o f component A in a copolymer molecule wi th a 
molecular weight Mi , and <x> is the average composition. For each chosen 
solvent, one set o f Mw,app, Ua, Ub, and u can be obtained. In order to solve 
equation (1.1), at least three solvents with as large difference as possible in the 
refractive index (ni) must be used. Thus, the application o f equation (1.1) requires 
at least three times the amount of work in comparison wi th that for a 
homopolymer. Besides this time-consuming nature, on the one hand, there is no 
guarantee that we are able to find three solvents wi th different Ua, ub and u for a 
given type o f copolymer, and on the other hand, even i f there exist three such 
solvents, it is difficult to obtain the true values o f Ua and \Jb o f the segments in 
copolymer since u is a function o f molecular weight 一 when the segment length is 
short, i.e., Ua and ub obtained from a high-molecular-weight homopolymer might 
be different from that o f the corresponding small segments in copolymer. 
In this work, a simple, but different, method was used to obtain the precise 
refractive index increments o f both the PET and PCL segments in the copolymer, 
i.e.，UpET and upcl, wherein the u values o f several PET-PCL copolymers with 
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different composition was used. On the basis o f equation (1.1), Mw was calculated 
from three values o f Mw,app obtained in each o f three solvents by laser light 
scattering. 
Unfortunately, even though the problem o f determining the values o f Ua, Ub 
and u had been solved, the choice o f three solvents remains to be the crucial factor 
in the application o f traditional method in the determination o f the true molecular 
weight o f copolymer. The choice o f such three solvents must simultaneously 
satisfy the fol lowing conditions: first, the u values o f the three solvents should be 
as large different as possible; second, the copolymer should be soluble in all o f the 
chosen solvents; third, the copolymer solutions should be as transparent as 
possible at the incident laser wavelength; fourth, the solvent should not to be too 
sensitive to the atmosphere (e.g. hygroscopic), and last，but not least, solution 
clarification, such as the removing o f dust, should not be extremely difficult. In 
practice, the choice o f such a set o f three solvents for a given copolymer is very 
diff icult or even impossible in some cases, such as for the PET-PCL samples with 
high PET contents (>50%). The difficulty is mainly due to visibility in light 
scattering or solubility. 
In order to overcome this problem, we have developed a two-solvent method 
for the characterization o f copolymer, which is a combination o f static and 
dynamic LLS results to give both the true molecular weight distribution and an 
estimate o f the chain composition distribution o f the copolymer. From the true 
molecular weight distribution, the true weight-average molecular weight o f the 
copolymer can be calculated. 
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2. Theoretical Background 
2.1 Static light scattering for homopolymer^^ 
Scattering from a gasi When there is no absorption, the electromagnetic radiation 
interacts w i th the atoms or molecules in its path, producing an oscillation in their 
electronic density. Hence, the molecules act as oscillating electric dipoles that 
irradiate in all directions. 
The theoretical interpretation o f light scattering f rom dilute gases was 
developed by Lord Rayleigh/^'^^ applying the classical electromagnetic theory. In 
the treatment o f scattering from gas，the molecules were assumed to have no 
thermodynamic interaction, i.e.，an ideal gas. The system, therefore, consists o f a 
large number o f particles moving at random and well separated from each other. 
The particles have very small dimensions (d < XHO) compared to the wavelength 
o f the monochromatic beam used. The particles were also assumed to be optically 
isotropic. 
For vertically polarized incident light, he shows that, for dilute gas, the intensity 
o f scattered light originating from a unit volume containing N particles is given by 
I G t c V N ,。1 1、 
I 二 lo (2 .11) 
In this expression, 1。is the intensity o f the incident radiation and Xo is the 
wavelength o f light in vacuum, a represents the polarizability o f the molecule, r i s 
the distance between the scatterer and the observation point. The polarizability a 
can be related to the gas refractive index, n, through the dielectric constant, s, 
‘5 
( n ' - l ) = ( 8 - l ) = 47uNa (2.1.2) 
I n a dilute gas, the refractive index is very close to unity (this being the 
refractive index o f vacuum). We can therefore express it as a Taylor series, 
rejecting all terms from the third inclusive, i.e. 
n2 = l+2(dn/dC)C (2.1.3) 
where C is the concentration o f the gas, expressed in units o f mass/volume, and 
dn/dC is the refractive index increment o f the dilute gas. 
Taking into account the fact that the number o f molecules per unit volume, N, 
can be expressed as N A C / M , equation (2.1.2) and (2.1.3) may be combined with 
equation (2.1.1) to give the intensity o f light scattered from unit volume: 
4 ， C 间 2 4 
where M is the molecular weight o f the particles and N a is Avogadro's constant. 
The light scattering may be expressed as the 'Rayleigh ratio': 
= ^ (2.1.5) 
丄0 
where the first subscript “V，means the incident light is vertically polarized, the 
second subscript " v " means the detected scattered light is also vertically polarized. 
I n this way equation (2.1.4) becomes 
= ( 2 丄 6 ) 
Since lo and r can be determined from the optical and mechanical characteristics o f 
the photometer used, the Rayleigh ratio can be obtained experimentally. 
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Scattering from a liquid: in a similar way, the intensity scattered by a l iquid can 
be obtained as i f each particle o f gas was replaced by an elemental volume 5V， 
small enough to be considered as a point when compared to the wavelength o f the 
radiation，but containing enough molecules to allow application o f thermodynamic 
methods. The fluctuations in these volumes are considered to be independent. 
Each elemental volume wi l l have a polarizability a that w i l l fluctuate by a certain 
amount A a about the average polarizability o f the system a . 
a ' = ( a + Aa)2 = a ' + 2 a A a + A a ' (2.1.7) 
Considering the intensity scattered by N elemental volumes within a unit 
volume，the value a is the same for each volume element. Therefore, terms in a 
w i l l cancel for the reason that the scattered light in an ordered system is zero. 
Also the average value o f 2 a A a wi l l be zero, because A a wi l l take equivalent 
positive and negative values. Consequently, via equation (2.1.1), the Rayleigh 
ratio w i l l be given by 
where 1/5V is the number o f elemental volumes per unit volume. Taking into 
account the relation between polarizability and dielectric constant, the 
polarizability fluctuation can be expressed as 
5VAs ^ 1 n、 
A a = (2.1.9) 
An 
Therefore equation (2.1.8) becomes 
‘7 
= (2.1.10) 
I n a pure liquid, the fluctuations in the local value o f the dielectric constant are 
due, in principle, to fluctuations in both temperature and density (Ap)，but in 
general, fluctuations in temperature are negligible and so 
— f p ^ Y — 
As2 二 Ap2 (2.1.11) 
According to the theory o f fluctuation^^ and thermodynamic arguments^®, equation 
(2.1.10) becomes 
R (e) 二 学 闽 2 (2.1.12) 
where k is the Boltzmann constant，T is the absolute temperature, P is the 
isothermal compressibility. 
Scattering from a solution of small particles: Considering a dilute solution, the 
increment in the dielectric constant As is related both to fluctuations in the number 
o f particles in volume 5V (density fluctuations) and to the interchange between 
solvent and solute molecules, which have different polarizabilities (concentration 
fluctuations). Therefore, 
As 存 V ( 尝 ] A C (2.1.13) 
where C is the solute concentration. I f the fluctuation in density and concentration 
are independent, ApAC=0 and we have, therefore, 
‘8 
Z i ^ 二字 A ^ (2.1.14) 
KopJ \dCJ 
I f the solution is dilute, the density fluctuations are essentially identical to those 
existing in the pure solvent. Hence, the excess scattering intensity from the 
solution compared to the solvent arises only from concentration fluctuations, and 
the excess Rayleigh ratio (compared with equation (2.1.10)) can be expressed as 
TZ^^yf ^ Y 
AR w (e) = R w，soluti。n ⑶ - R w，solvent 0 ) J AC^ (2.1.15) 
The refractive index of the dilute solution wil l have a similar value to that of the 
solvent (this is a characteristic of Rayleigh scattering) and can be expressed as a 
power series in concentration. Rejecting all the terms in the series from the third 
onwards, and taking the square, we obtain 
n 2 = n ? + 2 n i 〔 f M U c 2 ( 2 . U 6 ) 
where ni is the solvent refractive index. The third term on the right-hand side of 
equation (2.1.16) is negligible compared with the second, and so, following the 
Maxwel l relation 8 = n^, 
/ / J \2 
〔 • H 〔 尝 ） (2.1.17) 
and, according to the general theory of fluctuations^^ and from thermodynamic 
argumentsi〜the excess Rayleigh ratio is obtained as 
‘9 
where |j,i is the chemical potential o f the solvent in the solution and Vj its partial 
molar volume. The relation between the chemical potential o f the solvent and the 




良 ( e ) = K 兩 （2.1.20) 
where j i i^ is the chemical potential o f the pure solvent, and 
47c2n? f dnV 
K = - 7 - — (2.1.21) 
B y expressing the osmotic pressure as a power series in concentration, 
r 1 ^ 
兰 = R T — + A 2 C + A 3 C 2 + . . . (2.1.22) 
C VM y 
we finally obtain 
K C 1 
AD /ON = — + 2 A 2 C + 3 A 3 C 2 + . . . (2.1.23) 
ARw(0J M 
where A2, A 3， . . .，a re the 2nd, 3rd， . . .，vir ia l coefficients. This is the general 
equation for Rayleigh scattering o f vertically polarized light from a real solution o f 
particles which are smaller than the wavelength o f the light. I n very dilute 
solutions, the virial coefficients from the third one, A3，onwards can be neglected. 
I n this way，the above equation allows us to obtain easily the molecular weight o f 
the solute and the second virial coefficient, A2. 
Scattering from a Solution of Larger Particles: When the geometric dimensions 
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o f the particles are greater than one-twentieth of wavelength, the angular 
distribution o f the intensity is not symmetrical with regard to scattering plane at 6 
= 9 0 ° . The intensity o f the scattered radiation is reduced by a factor that increases 
as the observation angle, 0, increases. 
The lack o f symmetry in the angular distribution o f the scattering intensity from 
a macromolecule can be considered as due to intramolecular interference effects. 
The particle, due to its size, can no longer be considered as a point scatterer, but 
as a set o f point scatterers. 
This interference can be easily visualized by considering two scattering centres 
(Figure 2). By analyzing the difference in the distance traveled by the waves 
corresponding to each centre, it can be seen that the difference between the path 
length APaA，and BPbB，increases as the angle 0 increases, and is zero in the 
propagation direction o f the incident wave, 9 = 0. The light-interference effect 
increases as the angle o f observation increases. 
A 丨 J ^ ^ P � . I A-
Figure 2. A representation of the phase difference between rays scattered at two 
points in a molecule more than ^720 apart. The difference in phase is 
greater for rays scattered in the backward direction and therefore the 
mutual interference is greater. 
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This dissymmetry in the scattered intensity caused by the intramolecular 
interference effect poses a problem, since extrapolation to zero angle (0) must be 
made in equation (2.1.23). However, it is precisely because o f this effect that we 
are able to obtain valuable information about the geometry o f the macromolecule. 
Particle scattering factor, P(0): In general, the effect o f the angular dissymmetry 
on the scattering intensity is described in terms of the function which 
corresponds to the ratio of the real intensity of the scattered light in a given 
direction to the theoretical intensity which would be observed at the same angle in 
the absence o f intramolecular interference. Since the intensity is proportional to 
the Rayleigh ratio 
_ ^ ^ ^ w (G) experimental , 、 
_ = AR rQ、 (2.1.24) 
^^^w without interference 
where ARw(6)without bterference is giveii by equation (2.1.23). The function P(9) has a 
value o f unity when 0 = 0, and it decreases as the observation angle increases. 
[/ 
l l u V / ^ “ . 
Figure 3. Geometrical relations between vectors associated with incident and 
scattered light, r is the position vector of the scattering vector. P is a 
point situated at a distance D from the scattering centre, k is the wave 
vector in the propagation direction of the incident wave. k' is the wave 
vector in the direction P. 
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In order to obtain an expression for the function that relates to the 
geometric parameters o f the particle, the electric field o f the electromagnetic 
radiation is assumed to be uniform for the whole molecule. In such a 
circumstance, the molecule can be represented by m number o f scattering centres, 
the total intensity o f the scattered radiation at point P (Figure 3) is given by 
m m , 
IccS Zexp - i q ( r a - r b ] (2.1.25) 
a=lb=l J 
I n this expression, constants are ignored since we are only interested in the 
intramolecular interference (that is, expressions for the function P(9)). r is the 
position vector o f the scattering centre from origin, q is the scattering vector 
4ni7i . 6 r , r 
(q=k-k'), the modulus o f which is given by q = — s m — . In the absence ot 
入0 L 
destructive interference or for scattering at zero angle 0, all the exponents in the 
above summation are zero, and 
I o c f ; Z l = m2 (2.1.26) a=lb=l 
Therefore, according to the definition of the function P(9), 
2 m m 1 ^ ^ 
P(e) = — E Z e x p - i q ( r a - r b ) Zexp [ - iq rab j (2.1.27) 
m^ a?lb=l m么 a=lb=l 
This expression for P(0) corresponds to a molecule fixed in space. However, i f 
the solution is isotropic, the particle wi l l be free to choose any direction, and the 
measured intensity wi l l be an average over all possible orientations/^ The 
expression for P(0) corresponding to a molecule with random orientation is^^ 
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p ( e ) = ~ V 技 — （2.1.28) 
m^ a=l b=l qfab 
I f the particle is able to change its shape, the distances rab wi l l be variable，and a 
second average over time is needed. This is the case for flexible-chain 
macromolecules. 
From the equation (2.1.28) we deduce that P(0) wi l l depend on the shape (or 
average shape) o f the molecule. However, this dependence decreases as the 
magnitude o f qr^ b approaches zero. The use of a MacLaurin series for qrab « 1 
leads to 
毕 + 华 … ( 2 . 1 . 2 9 ) 
M^ a=lb=lV I! J! Y 
Considering only the first two terms 
n 2 m m 
(2.1.30) 
Om^ a=lb=l 
Independently o f the shape of a particle, the square radius o f gyration is given by 
R ; ^ ^ I l r i (2.1.31) 
2m a=l b=l 
In the case o f a flexible macromolecular chain, the mean-square radius o f gyration 
is given by 
�R :� = d ; 4 l i � （2 丄 32) 
Therefore，P(0) can be expressed as 
= (2.1.33) 
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This relation between P(0) and the mean-square radius o f gyration o f a 
macromolecule is a useful general result, since it is independent o f molecule shape. 
General equation，Zimm plot: When the particles are large enough to display 
angular dissymmetry, equation (2.1.23) is only valid when 9 = 0，since P(9) 二 1 for 
this angle. Since it is impossible to measure the scattered intensity at zero angle, 
the experimental scattering intensities must be analyzed as a function o f the 
observation angle, i.e. 
K C 1 
• n / 厂 + (2.1.34) 
ARw(e) MP(0) 
For q2Rg2 <<1，we can use l / ( l - x ) « l + x for small values o f x, the expression for 
the scattering intensity for vertically polarized light as a function o f concentration 
and observation angle is 
^ = 卻 + |q2〈R2g〉) + 2A2C (2.1.35) 
This expression is only appropriate for dilute solutions and small values o f qrab. 
For polydisperse systems (for most polymers case), the measured molecular 
weight M and the mean square radius o f gyration <Rg^> are weight-average 
molecular weight (Mw) and z-average mean square radius o f gyration (<Rg^>z), 
respectively. 
Equation (2.1.35) implies a double dependence o f scattering intensities on 
concentration and observation angle. Therefore, in order to measure the second 
virial coefficient, the scattering data for each concentration must be extrapolated 
to zero angle, when 
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KC 1 
= — - + 2A2C (2.1.36) 
ARw(e) e^ o Mw 
Correspondingly, in order to measure the mean-square radius o f gyration, the 
scattering data for each angle must be extrapolated to zero concentration, when 
KC I 二 丄 + 丄q2〈R2〉 (2.1.37) 
ARw(e)|c=o Mw 3 1 0 \ " z 、 乂 
The common intercept o f the two plots gives the reciprocal o f the molecular 
weight. Normally, a graphical method, proposed by Zimm^^, is used to do this 
double extrapolation, which incorporates this doubles extrapolation on a single 
grid. 
2.2 Static Light Scattering for Copolymers^® 
Generally, the copolymer chains differ in chemical composition. This phenomenon 
is called heterogeneity o f chemical composition. Thus, solutions o f heterogeneous 
、 copolymers are in fact multicomponent systems. Owing to the polydispersity in 
chemical composition, copolymer solutions present a different scattering problem 
to that o f homopolymer solutions. 
In the case o f AB copolymers with polydispersity in molecular weight and 
chemical composition, but without an appreciable angular dissymmetry, the excess 
Rayleigh ratio, ARw(6), can be expressed as 
ARw(e) = K ' e Z C i M i U r (2.2.1) 
i 
where K'9=47i:2ni A q N a , and Q is the concentration o f the copolymer chains 
wi th molecular weight Mi, refractive index increment Ui and chemical composition 
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Xi (xj is the weight fraction o f the constituent A). 
The molecular weight calculated by means o f the scattered intensity from a 
copolymer solution using the experimental refractive index increment, Ui, is in fact 
an apparent molecular weight Mw,app. Thus we can wri te 
ARw(e)=K'eu2CMw,app (2.2.2) 
Combining equations (2.2.1) and (2.2.2) leads to 
/ \ If \ 
Mw,app=(l/v)2)[Iu?CiMi J (2.2.3) 
or in integrated form 
Mw.app=I ; fw(M|^J MdM (2.2.4) 
where fw(M) is the weight distribution and u ( M ) is the refractive index increment 
for molecules wi th molecular weight M and weight distribution fw(M). Now, 
f ^ ( M ) ( u ( M ) / u ) ^ is defined as the apparent weight distribution, fw ,app(M). The 
refractive index increment o f a species wi th molecular weight M can be expressed 
as a function o f the refractive index increment o f its constituents Ua and Ub， 
assuming the additivity 
IX;M)=W A (M)ua +W B (M)UB (2.2.5) 
and 
u=WaUA+WBUB (2.2.6) 
where WA(M) [=1-WB(M)] is the weight fraction o f segment A (i.e. composition) in 
the particular copolymer chain whose molecular weight and weight distribution are 
M and fw(M)，respectively. WA[=1-WB] is the weight fractions (chain composition) 
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for the overall copolymer, wa and wb are usually known parameters from 
polymerization. For a chosen solvent, Ua, Ub, u are constants for a given 
copolymer at fixed experimental conditions. I t is obvious that for a uniform chain 
composition, i.e., W A ( M ) = W A , W B ( M ) = WB, and u ( M ) = u, we have MW,APP = MW. 
For each chosen solvent, in principle, we could obtain the approximations 
values o f Ua and Ub by measuring u o f the corresponding homopolymers wi th a 
similar molecular weight as the segments in the copolymer, where we have to 
assume that both Ua and Ub are independent on molecular weight. But this 
procedure is usually limited by several practical reason: (i) homopolymers are not 
available; (i i) the segments in the copolymer are quite different from 
homopolymers in M ; and (iii) three common solvents not only for the copolymer, 
but also for both homopolymers, are not available. Considering these difficulties, 
this problem was solved in a different way. Equation (2.2.6) can be rewritten as^^ 
(2.2.7) 
I t shows that Ub and (ua-Ub) can be solved i f we have at least two values o f u 
from two copolymer samples that have the same types o f segments A and B，but 
different compositions. With this method, the above-mentioned problems are 
simultaneously solved. In reverse, with the precise values o f Ua, Ub and u, we are 
able to estimate the composition o f an unknown copolymer sample, such as the 
samples obtained from fractionation, which might have different compositions in 
comparison wi th the original copolymer. Wi th the value o f Oa, Ub and u, the true 
molecular weight, Mw, can be determined by substitute the equation (2.2.5) and 
(2.2.6) to equation (2.2.4), 
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M w ， 卿 + 2 P ( A u / U ) + Q(AU/U)' (2.2.8) 
w i th 
A U = U ^ - UG 
M 厂 i " X ( M ) M d M 
fee (2.2.9) 
p 二 J。fw (M)M[wA (M) - wA ]dM 
Q fw (M)M[Wa ( M ) 
Parameters P and Q are related to the heterogeneity o f chemical composition o f 
the copolymer. For each selected solvent, we are able to determine one pair o f 
Mw,app and (A iyu) . According to equation (2.2.8)，the plot o f Mw,app against 
(Avyu) is a parabola wi th a vertical axis and theoretically, three points (i.e. three 
solvents) are needed to determine Mw. 
2.3 Dynamic Light Scattering^^"^ 
Basic principle: The phase \|/s o f the scattered field Es is made up of the phase o f 
the incident field at position r, cOo t - ki r plus a phase shift due to propagation o f 
the scattered field from position r to position R, - t (R - r ) (Figure 4)，so that vj/s = 
(cOo t - ks • R) + (ks - ki) . r. The scattered electric field from a single molecule is 
E .(t) = Ai(t)e-—ei购⑴ （2.3.1) 
where A j (t) is the amplitude of the scattered light from molecule j and vf/j (t) is the 
phase difference from the optical path of light scattered from position r j compared 
to that at the origin, v|/j (t) 二 q . r (t), i.e. the phase o f the scattered field depends 
on the position r o f the scattering molecule. 
1 
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Figure 4, (a) Light-scattering geometry; and (b) wave vectors and 
conservation of momentum diagram wi th definition o f wave vector 
q 




Since the molecules are moving, r is a function o f time and \|/s has a dependence 
determined by the molecular dynamics. The scattered field varies in time due to 
translational diffusion motion or to changes in A,(t) induced by rotational or 
internal motion. A less common case is for smaller values o f molecular 
occupational number N, where fluctuations in N lead to scattered light 
fluctuations^'^. 
When the scattering molecule is undergoing Brownian motion, r is a random 
variable and E, has a randomly modulated phase. The scattered light is broadened 
in frequency wi th an optical frequency distribution S(co) as illustrated in Figure 
5(a). Since the particle motion contains no preferred direction, the spectrum 
contains a continuous distribution o f frequencies centred around co。. The 
correlation function o f the electric field G⑴(t) is also a measure o f the frequency 
distribution and contains information on the molecular motion25-28 i t is the Fourier 
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transform of the power spectrum S(co) 
G⑴(t) =〈E:(0)E，(t)〉 （2.3.3) 
where〈 ) denotes a time or ensemble average and t is the correlation time 
⑴ d t (2.3.4) 
A n illustration o f a scattered optical spectrum and its normalized field correlation 
function is shown in Figure 5. The broadening o f the Rayleigh-scattered light 
spectrum contains information on the motion of the scattering molecules. 
(a) (b) 
(Jj t 
Figure 5. (a) Illustrate of an optical spectrum of scattered light; and (b) electric 
field correlation function. 
The normalized electric field correlation illustrated in Figure 5(b) is . 
g ⑴(t) = (2.3.5) 
^ G ⑴(0) 
In terms o f amplitude and phase time dependence 
g ⑴( t ) 二 e ‘ t 〈 , * (0)八2(;)〉〈6-丨叙_〉=e‘tC A ( t ) C “ t ) (2.3.6) 
( | A ( 0 ) ) 
where A(t ) is the scattering amplitude per molecule and CA(t) and Cx/t) are the 
amplitude and phase correlation functions. For small molecules (radius R « q"^) 
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or spherical molecules the amplitude part o f the autocorrelation function becomes 
(A-(O)A(t)) 
= ^ 二 1 (2-3.7) 
( | A ( 0 ) | ) 
Then g⑴(t) carries information on the translational diffusion coefficient D through 
Cx/t). This is related to the intermediate structure factor Gs(r，t)，which is the 
probability o f finding a particle at position r at time t i f it was at the origin at t 二 0. 
Cvj;(t)=〈e-iq.[r(t)-r(o)]〉=J"Gs(r，t)e-—d3r (2.3.8) 
where q [= (4冗niA。)sin(e/2)] is defined before, the difference between the wave 
vectors o f the scattered and incident waves, ni is the medium refractive index. For 
spherical identical scatterers undergoing Brownian motion in solution 
g ⑴ ⑴ 二 ①。t (2.3.9) 
The associated optical spectrum is 
S(co) = - ^ ； ^ (2.3.10) 
( ① - ① o ) + ( D q ” 
which is a Lorentzian function centred at ①。with a halfwidth Dq^. The 
translational diffusion coefficient D may be related to the molecular friction factor 
/ t h r o u g h the Stokes-Einstein relation 
IcT 
D = — 2.3.11) 
f 
where k and T are the Boltzmarm constant and the absolute temperature 
respectively. For a hard spherical with a radius o f R , / = 67ir|R, where ri is the 
viscosity o f the solvent. For a polymer coil, R is replaced wi th its hydrodynamic 
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radius Rh, so that 
IcT 
D 二 ^ ^ (2.3.12) 
67cr|-R 
where k and T are the Boltzmann constant and the absolute temperature 
respectively. 
When the molecular size is not much less than q \ the scattering intensity is 
reduced by intramolecular interference. For molecules wi th size 〜1/q， the 
scattered intensity Is proportional to the molecular interference form factor P(0). 
For any shape o f particle at small scattering angles, P(0) = 1 - q R g / 3 where Rg is 
the radius o f gyration. I f the molecule is not small and is not spherical or optically 
isotropic, then rotational difiusion wi l l contribute a time dependent scattering 
amplitude; also for flexible molecules intramolecular dynamics gives a similar 
contribution. 
The form o f the correlation function G(i)(t) can be calculated for model systems. 
For a rod-like molecule o f length L , the dynamics o f the molecule wi l l contain 
contributions from translation and rotation. The form o f G(i)(t) for a molecule 
having a rotational diffusion coefficient 0 
G⑴( t) 二 IsS(q，t) 二 Ise-q2a[S。+S广砍+".] (2.3.13) 
where S。，Si …are weighting factors as shown in Figure 6(b). For qL < 3，S。(qL) 
〜S(qL)，while for qL = 6, Si = 0.1 and is significant compared wi th S。. For a 
flexible coil, the form o f G⑴(t) is^^ 
G ⑴ ( t ) 二 IsP(q，t)=Ise-q2Dt [p。+P2e-2t/t. +...] (2.3.14) 
where P。，P2 ... are weighting factors for the translational and internal modes o f 
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motion (Figure 6(a)) and Ti is first order internal relaxation time. 
08「 （ a ) \ 
, 1 ft t ^^ ^ 
I 1.4 • 1.8 2.2 2 . S 0 2 4 8 8 10 
v/7 qL 
Figure 6. (a) Relative intensity functions Pi(x) for a flexible polymer, j q ^ < 
wi th <£2>e=equilibrium mean square end-to-end distance of the 
polymer^^ Vx=qRg； Po： pure translational, P2 first significant term, Ph 
sum of all higher terms, (b) Relative intensity functions for an optically 
rigid rod o f length L. S: total relative intensity. So： pure translational 
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part, Si： translation-rotation, Sh： sum of all higher terms . 
Line-width measurement: The scattered light intensity is proportional to the 
square o f the time average of the electric field 
Scattered intensity = (Is) oc (|Es|>^ (2.3.15) 
where〈 ) denotes the time average. In order to measure the very small optical 
l ine-width generated from the frequency broadening of the optical spectrum, 
optical mixing techniques^^'^^ are employed. There are two basic forms of optical 
mixing: heterodyne and homodyne (self-beat). By heterodyne mixing we refer to 
mixing the scattered light with a reference light wave (local oscillator) unshifted or 
shifted in frequency from the incident light beam. In self-beat optical mixing the 
scattered wave is not mixed with a reference signal but is directly detected. Here 
we just consider the theory of self-beat detection. In self-beat detection the 
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intensity autocorrelation function is determined as 
G(2) (t) = l im ^ 厂T Is (0)1, (t)dt (2.3.16) 
T—CO 2 丄 
I t is the Fourier transform of the power spectrum and is readily measured by 
digital techniques. The normalized form of G(2)(t) is 
〈聊)Es(Q)，Es(t)〉 ( 2 3 1 7 ) 
〈Is〉 
With some restrictions (such that the scattered field is a Gaussian random 
process)，the correlation functions g⑴(t) and g(2)(t) are connected through the 
Siegert relation 
g(2)(t) = l + |g(i)(t)|2 (2.3.18) 
Experimentally in self-beat dynamic light scattering the intensity autocorrelation 
function is measured as 
g⑵⑴二 A [ l + p|g⑴⑴门 (2.3.19) 
Here A is a measured base line and P is a geometric factor dependent on the 
coherence o f detection^^ The detector has an average photocurrent <i) which is 
proportional to the average light intensity <i) cc (I,). Since the scattered light is 
normally at low level and in the form of discrete photon pulses, the scattered signal 
and hence correlation function is most usefully recorded using digital photon 
detection. In terms o f photon counts 
g(2)(t) = & l : ¥ i + p (2.3.20) 
(n ) i=i 
where t 二 pAt，At = channel width, N = number o f correlation channels and <n)= 
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average number o f photons counted in time At. 
Data analysis: In the case of polydisperse systems the general form o f the time 
correlation function is the Laplace transform o f a line-width distribution function 
G(r) 
g ⑴ ⑴ = J : G ( r ) e - r ' d r (2.3.21) 
I f the relaxation is difiusive, knowledge o f G ( r ) allows the particle size 
distribution to be derived, when the scattering intensity as a function o f particle 
size is known. The line-width T usually depends on both C and 9. This 
dependence can be expressed 
吞 = D ( l + kdC)( l + fR :q2 ) (2.3.22) 
where D is the translational diffusion coefficient at C = 0 and q = 0，f is a 
dimensionless number, and Iq is the dff i is ion second virial coefficient. The value 
o f f depends on the chain structure, polydispersity, and solvent quality. For 
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polymers w i th flexible chains in a good solvent，f is between 0.1 and 0.2 . Both 
thermodynamic and hydrodynamic interactions contribute to Iq, which can be 
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further expressed as 
kd 二 2 A 凡 - C d N X / M w (2.3.23) 
where Cd is an empirical positive constant. For spherical monodisperse particles 
the normalized self-beat photon correlation function is 
g(2)(t) = l + p|g ⑴ ⑴ |2 = l + (2.3.24) 
where P is a coherent constant. With a polydisperse system, the distribution o f 
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molecular sizes gives a distribution in D and the correlation function is made o f a 
distr ibution o f exponential. Then from equation (2.3.21) 
g ⑴ ⑴ = {。％_rtc(r)p(r)dr (2.3.25) 
wi th G(r) = C(r)p(r) in which p(r) takes account o f the variation o f the 
scattering power wi th particle size. Equation 2.3.25 is o f the form o f a Laplace 
transform and to derive the line-width distribution requires Laplace inversion o f 
the data. This presents substantial difficulty as in the inversion small changes in the 
data can give rise to large errors in the inverted information. Therefore, a 
precisely determined g(2)(t) is required to perform the line-width distribution 
analysis. 
A general purpose and flexible method o f inverting DLS data has been 
developed under the name CONTIN.^^ This has been widely applied in DLS 
studies w i th excellent results for DLS data having low noise. The program 
contains safeguarding constraints to avoid the ill-posed nature o f the inversion. 
A n early method o f analysis was based on a cumulant expans ion^ i o f the 
correlation function 
ln|g⑴⑴ I = + -3^1办4 + … 
2丨. 丄 (2.3.26) 
« 一 t™ 、 
m=l m! 
J m 
where km 二 (—1)™ ⑴(t)| is the m出 cumulant o f g⑴(t) and 
L dt 」t=o 
JJ,. 二 J : ( r - r ) i G ( r ) d r . Equation (2.3.26) may be fitted by a least squares 
routine to the correlation function and values for )i2, 1^3，…obtained. The average 
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width r 二 jo°°rG{r) d r = mean relaxation time. The variance is ^/厂之 with 
[i^ = I o ° ° ( r - f ) ^ G ( r ) d r . For low q, qR < 1 and r = Dq2，where D is a z-
average. 
2.4 Modified method for copolymer^ 
As we discussed before, at least three solvents are required to solve equation 
(2.2.8) to obtain the true weight-average molecular weight Mw. In this study, we 
have developed a method by introducing the line-width distribution G(T), so that 
one solvent can be eliminated. The principle is outline below. 
On the basis o f equations (2.1.34), (2.2.4), and (2.3.21)，when C—0, e—0， 
and t—0，we have 
Rw(e) 二 d M oc < I > (2.4.1) 
and 
g �(o，e)=(o，e)E(o，e)�= f:G(r)dr oc <i> (2.4.2) 
which lead to 
J :G (D)dD = y f f w ( M ) M p ^ J d M (2.4.3) 
where y is a normalization constant. Normally, D can be related to M by using 
two scaling constants, k j ) and OCD, i.e. 
D = koM-a。 （2.4.4) 
where both k ^ and a ^ are independent o f M for a given solvent and chain 
composition for a given set o f experimental conditions. By using equation (2.4.4)， 
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we can rewrite equation (2.4.3) as 
fco dD foo / u ( M ) Y 、 
I G ( D ) — d M = 丫 J 。 f “ M ) M ^ Y J dM (2.4.5) 
After comparing both sides of equation (2.4.5), get 
f i / M ) Y G(D) dD , 
f (M) = f CM) oc—^—— (2.4.6) Iw’app、MJ Iw、M久 ^ J M dM 、 乂 
where all proportionality constants have been omitted since they are irrelevant to 
both distributions. Therefore, for a given pair of kj) and a ^ , D and G(D) can be 
converted into M and fw,app(M) by using equations (2.4.4) and (2.4.6), respectively. 
I f the above procedure was repeated by using two solvents (denoted s i and s2) 
wi th different u (M) and u, even for a given copolymer sample, two different 
apparent weight distributions, fw,app,si (M)=fw(M)(u(M)/u)^^ and 
f w ’ a p p , s 2 (M)=fw(M)(u(M) /u)二 were obtained. By using equation (2.2.5), the 
ratio o f two apparent weight distributions is 
f w ， a p p , s l ( M ) J U S 2 Y W A ( M ) U A , S 1 + [ 1 - W A ( M ) ] U B , S 1 I ^ ^ 4 7 ) 
fw,app,s2 ( M ) ~ U s l J 1 WA(M)UA,S2 + [ 1 - W A (M)]UB,S2 J . . 
where U S ” , D A S〗，UB’SI , and DB，S2 can be determined by using a 
differential refractometer. Equation (2.4.7) shows that WA (M), the chain 
composition distribution, can be calculated from two apparent weight 
distributions, fw,app(M), i f the values of , , , . , and Ug ^ ^ are 
known. After obtaining W A ( M ) , the true molecular weight can be obtained by first 
calculating u(M), then fw(M), and finally M ^ This modified method was 
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Figure 7. Schematic diagram of the procedure of using the modified LLS method 
for copolymer to get the true Mw by using only two solvents. 
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3. Experimental 
3.1 Preparation of PET-PCL 
The synthesis o f segmented copolymers o f poly(ethylene terephthalate-co-
caprolactone) (PET-PCL) wi th different amounts o f PET was performed in two 
separate steps\ The first involves the esterification o f terephthalic acid and 
ethylene glycol wi th a catalyst at 190°C; the second is a catalyzed 
polycondensation o f poly(caprolactone) diol (Mn=2000) w i th ethylene 
terephthalate under vacuum at 250°C. The content o f F T in the copolymer was 
control led by the initial ratio o f ET to CL. Four samples wi th different ET 
contents (13，48，58，and 72%) were prepared. The PET-PCL sample wi th PET 
content 13，48，58, 72% PET (by weight) are denoted 13% PET-PCL, 48% PET-
PCL, 58% PET-PCL, 72% PET-PCL respectively, hereafter. 
As the 13% PET-PCL has the highest molecular weight ( M w ) among the 4 
copolymer samples, it was chosen to fractionation so as to obtain a higher 
molecular weight for determining the ICD and OCD values in the scaling relation (i.e. 
D 二 IcDM—a。). The 13% PET-PCL sample was fractionated by using a 
precipitation method where chloroform and methanol were used as solvent and 
precipitator, respectively. The initial concentration o f 13% PET-PCL in 
chloroform is 〜6xlO-3g/mL. A high molecular weight fraction (denoted high-M), 
which has a similar composition as the unfractionated 13% PET-PCL (denoted 
l ow-M) , was obtained. 
3.2 Preparation of solution for LLS 
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Four analytical grade organic solvents: butanone (Beijing), ethyl acetate (Merck), 
tetrahydrofliran (Merck), and chloroform (Merck) were used without further 
purification. The 13% and 48% PET-PCL can completely dissolve in all these 
solvents, while the 58% PET-PCL can dissolve in tetrahydrofliran and chloroform 
but not in the other two. However, the 72% PET-PCL can only dissolve in 
chloroform. The concentration was in the range 4 x 10-4 to 8 X 10 -VmL. A l l 
stock sample solutions were allowed to stand for at least 1 day before dilution, so 
as to make sure complete dissolution o f the polymer samples. Five concentrations 
for each sample were prepared by dilution o f the stock solution. For each 
copolymer solution, it was clarified at room temperature by using 0.22|am 
Mi l l ipore (GVis) filter to a dust free cell (Supelco 2-3248). The dust free cell was 
previously rinsed by 3 to 4 portions of 〜5mL dust free toluene and then dried in 
oven at 100°C for 2 hours. The clarified solutions were checked under laser to 
make sure there was no dust in the sample solutions. The dust-free solutions were 
used in both static and dynamic laser light scattering measurement. 
3.3 Refractive index increment measurement 
Al l refractive index increments (u) were determined by a recently developed 
differential refractometer.'^^ In this novel refractometer, a small pinhole wi th a 
diameter o f 400| im is illuminated with a laser light (Figure 8). The illuminated 
pinhole is imaged to a 6mm position-sensitive detector (Hamamatsu S3 932) by a 
lens located midway between the pinhole and the deteptor. The distance between 
the detector and the pinhole is four times the focal length ( f = 10cm) o f the lens， 














































































































































































































































































































































































design where a parallel incident light beam is used, and the distance between the 
detector and the lens is only one focal length. This (2f-2f) design is optically 
equivalent to placing the detector directly behind the pinhole, so that the laser 
beam drift is eliminated. A refractometer cuvette (Hellma 590.049-QS, wi th 60° 
partition to two chambers) is placed just in front o f the lens. The pinhole, the 
cuvette, the lens, and the detector are rigidly mounted on a small optical rail. The 
refractometer has dimensions of only 40cm in length, 15cm in width, and 10cm in 
height. The output voltage of the detector is proportional to the displacement o f 
the light spot from the center of the detector caused by the refractive index 
difference between the polymer solution and the solvent. The detector resolution 
is 0.2|im, which corresponds to a resolution of 10'^ in the refractive index 
measurement. This refractometer has been incorporated into the laser light-
scattering spectrometer, wherein the same laser has been used as the light sources 
in both the laser light-scattering spectrometer and differential refractometer. Thus, 
the problem o f wavelength correction is eliminated. In comparison with a 
conventional differential refractometer where a micrometer is normally used to 
read the beam displacement, the use of the position-sensitive detector together 
wi th the data acquisition system (a 16-bit analog-to-digital data acquisition card 
(National Instrument)) not only increases the accuracy o f measured u but also 
makes a large amount o f measurements possible and easier. The temperature of 
the cuvette was precisely controlled by YSI Proportional Temperature Controller 
(Model 72) to the temperature 25±0.01°C. 
For each measurement, the reading of the position-sensitive detector was set 
zero by fil l ing both sides of the cuvette chambers with solvent. Afterward, the 
solution was filled into the solution chamber, and then the difference in the 
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refractive index (An) between the solution and solvent was recorded. After each 
measurement, both sides o f the cuvette was filled wi th solvent to check the zero 
point. The value o f dn/dC was obtained from the slope o f the graph o f An against 
concentration o f the sample. 
3.4 Laser light scattering instrumentation 
A commercial laser light scattering spectrometer ( A L V DLS/SLS-5000, Langen in 
Hessen, Germany) (Figure 8) was used with an argon ion laser (Coherent 
I N N O V A 90, operated at a wavelength o f 488nm and 400mW) as the light source. 
By this spectrometer, both static and dynamic light scattering measurements can be 
done. The primary beam is vertically polarized. A compensated beam attenuator 
(Newport M-925B) was used to regulate the incident laser light intensity to avoid 
possible localized heating in the light-scattering cuvette. The cell contained dust 
free sample solution was put in the index matching vat, in which the temperature is 
controlled by NESLAB RTE-210 refrigerated bath/circulator. The intensity o f 
scattered light was detected by THORN E M I photomultiplier tube for counting 
the number o f photons. The intensity-intensity time correlation functions (dynamic 
LLS ) were measured by an ALV-5000 multiple-x digital correlator. The 
correlation functions were accumulated until the net photon count was beyond 10 
per second. The difference between the measured and calculated baselines was no 
more than 0.1%. A l l LLS was done at 25.0土0. 
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4 Results and Discussion 
Figure 9 shows a typical concentration dependence o f the refractive index 
difference (An) between the polymer solution and solvent for the segmented 13% 
PET-PCL sample, where the lines are the results o f the least-square fitting. The 
copolymer samples wi th high content o f ET (>50% in weight) are not soluble in 
butanone and partially soluble in ethyl acetate. Figure 10 shows a typical diffusion 
coefficient distribution o f the 58% PET-PCL sample in ethyl acetate at 25°C. 
Two peaks can be seen in the distribution. The peak located at higher D 
corresponds to dissolved individual PET-PCL molecules, but the peak at lower D 
shows aggregated or undissolved PET-PCL molecules. Since G(D) is 
proportional to the scattered laser light intensity, i.e., G(D) cc fn(M)M^ where 
fn(M) is the number d i s t r i b u t i o n / ] dynamic LLS is a very sensitive tool to detect 
the larger aggregates. I t should be pointed out that the number o f PET-PCL 
aggregates in solution is very small, even though the area under the peak 
corresponding the aggregates is large in G(D) vs D. As both butanone and ethyl 
acetate are poor solvents for poly(ethylene terephthalate (PET)), we could not 
directly measure the specific refractive index increments o f homopolymer PET 
(UPET) in both butanone and ethyl acetate. Due to the quite different nature o f the 
PET segments and PCL segments, it is nearly impossible in practice to find three 
solvents, which not only have enough contrast in refractive index but also dissolve 
poly(caprolactone) and poly(ethylene terephthalate) and the segmented copolymer. 





















































































































































































































































































































































































































































































































































(An) for four segmented PET-PCL copolymers wi th different ET contents (up to 
72%) in chloroform, where the lines represents the least-square fitting. The 
specific refractive index increment u o f each sample in each chosen solvent can be 
calculated from the slope of the corresponding line o f An vs C. I t can be seen 
from Figure 11 that the slope increases as the PET content, which means that UPET 
is higher than UPCL. The calculated u values o f four segmented copolymers with 
different PET contents in four chosen solvents are summarized in Table 1. I t can 
be seen the u value o f the copolymers in butanone and ethyl acetate are very close, 
because u = ncopoiymer - Hsoivent, as the refractive index o f butanone (n = 1.376) and 
ethyl acetate (n 二 1.370) are similar, hence the u value o f the copolymer in these 
two solvents are almost the same. 
Table 1. Specific Refractive Index Increments (u) o f Segmented PET-PCL 
Copolymers wi th Different Amounts o f PET content. 
u (mL/g) in Solvents at 25°C 
Sample 
(% ET) Chloroform Tetrahydrofuran Butanone Ethyl 
Acetate 
13 7.09 X 10-2 8 99 x 10"^  1.20 x lO"^ 1.22 x 10] 
48 1.00 X 10-1 1 20 X 10.1 1,49 x lO'' 1.53 x lO'' 
58 1.05 x 10-1 1.29x10-1 — — 
72 1.20 x 10-1 — — — 
^Relative uncertainty o f all measured An is about 土l^/o. 
—Sample can not completely dissolve. 
On the one hand, due to the solubility problem stated before, the u values of 
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PET and the copolymers with higher PET content are not obtainable for butanone 
and ethyl acetate, or even in tetrahydrofuran (as can be seen in 72% PET-PCL). 
On the other hand, according to equation (1.1) and (2.4.7), we have to have UPET 
and UpcL in each chosen solvents so that we are able to calculate the absolute 
weight-average molecular weight (traditional method) or molecular weight 
distribution (modified method). 
Table 2. Specific Refractive Index Increments of PET and PCL in Chloroform, 
Tetrahydrofuran, Butanone and Ethyl Acetate at 25°C. 
JJ JJ C 
Solvent UPET V^PCL ^PCL 
Chloroform 1.43 x lO"' 6.03 x 10"^  4.71 x 10"^  
Tetrahydrofuran 1.65 x lO'' 7.88 x 10"' 7.39 x 10"' 
Butanone 1.94 x IGT' 1.08 x 10] 1.18 x 10] 
Ethyl Acetate 2.00 x lO'^ 1.10 x 10"' 一 
a Relative uncertainty of all measured An is about ±2%. 
b Calculated from u and WPET according to equation (2.2.7). 
c Measured directly from the PCL homopolymer ( M n 二 2000). 
Figure 12 show s a plot of specific refractive index increment (u) versus the PET 
content (WET) in chloroform, butanone, and tetrahydrofuran. Based on equation 
(2.2.7) where A and B can be read as PET and PCL, respectively, we know that 
the plot o f U versus WET should be a straight line, and the intercepts at the ends of 
WET = 1 and WET = 0 are UPET and UPCL, respectively. The lines in Figure 12 are 
the least-square fitting results. The values of UPET and UPCL from the extrapolation, 






























































































































































these u values in practice to estimate the composition o f an unknown PET-PCL 
copolymer sample, such as the copolymer samples obtained f rom the fractionation 
o f a given PET-PCL copolymer. The validity o f this application o f UPET and UPCL 
has been confirmed by using a PET-PCL copolymer wi th a known composition o f 
72% PET-PCL. The relative error o f the calculated composition from u, UPET, and 
UpcL to the initial ratio o f PET-PCL is only ±2%. 
Natural ly, we like to find any existing difference between the values o f UPET and 
UpcL obtained from Figure 12 and from the direct measurements o f the PCL and 
PET homopolymers. However, for the reason (solubility) mentioned before, we 
are not able to measure the values o f UPET in tetrahydrofuran, butanone and ethyl 
acetate. Actually, it is not necessary for us to compare both the values o f UPET and 
UpcL, since they are interconnected through equation (2.2.6) and (2.2.7). 
Therefore, we only did the specific refractive index measurements on 
poly(caprolactone) diol (a PCL homopolymer, M„=2000) in three chosen solvents. 
Figure 13 shows the concentration dependence o f the refractive index difference 
(An) for the sample o f poly(caprolactone) diol (M„=2000) in chloroform, 
tetrahydrofuran, and butanone, where the lines represent the least-square fitting. 
The specific refractive index increments calculated from the slopes o f the lines are 
also listed in Table 2 (the third column). As we expected, they are different from 
the corresponding UPCL values calculated from u and WET. In comparison PCL 
homopolymer wi th the PCL segments in the PET-PCL copolymer, the hydrogen 
atoms at both ends o f poly(caprolactone) diol are replaced by the PET segments 
that have a different refractive index. The difference in UPCL show that in the 
































































































































































































































segments in a given copolymer with that of the corresponding homopolymers, 
even when the average length of the segments is similar to that of the 
corresponding homopolymers. 
Table 3 Laser Light Scattering Results of 13% PET-PCL at 25°C. 
Rg/ 10^  A2/ 
Solvent 10-^ Mw,app (nm) (mol.mL/g') 10"" Mw lO'^P 10"'Q 
Chloroform 7.84 28 2.4 
Tetrahydrofliran 7.35 22 1.2 6.60 -0.20 1.25 
Butanone 6.94 21 0.6 
Figure 14 shows one typical Zimm plot for the segmented 13% PET-PCL 
copolymer in tetrahydrofliran at 25。C. Based on equation (2.1.35), (2.1.36), and 
(2.1.37)，we were able to calculate Mw,app, A2 and Rg from the data of 
(KC/Rw(e))e->o,c->o, (KC/Rw(e))e->o, (KC/Rw(e))c->o, respectively. The laser 
light-scattering results in three chosen solvents are summarized in Table 3. We 
should realize that the error associated with Rg is more than 20% because the size 
o f the PET-PCL copolymers is very small. The positive values of A2 show that for 
the 13% PET-PCL sample, all three solvents are good solvents at 25。C. 
However, the less positive A2 shows that butanone as solvents are not as good as 
either chloroform or tetrahydrofliran. The Mw,app are different from each other in 
the three solvents. In chloroform, the Rg is similar to that o f polystyrene with a 
similar chain length in good solvent, which shows that the segmented copolymer 
chain is still very flexible, even though it contains the PET segments. This 




























































































The relatively small values o f Rg and A2 in butanone show that butanone as a 
solvent is not very good. 
Figure 15 shows a Benoit plot o f Mw,app against (Avyu), on the basis o f 
equation (1.1) and u, UPET, and UPCL in Tables 1 and 2, where the circles are 
the experimental results and the dashed line is a least-squares f i t t ing o f 
M们pp = 6.60x104-4.10x103(Avy\ j ) +1.25x105(Avyv)) 2. From polynomial 
fitting，we determined not only the absolute weight-average molecular weight (Mw 
=6.60x10^) but also the estimated values o f both P and Q. I t is interesting to note 
that P has a negative value, which implies that the species wi th less PET content 
was weighted more in the distribution WjMi. I f P and Q in equation (1.1) is 
divided by Y j ^ i ^ i (i.e., divided by Mw), we have 
i 
£ w i M i ( x i - < x > ) 
— = < x 〉 z - < x > (4.1) 
M w Mw 
and 
Z W i M i ( X i - < x > ) 2 
S- = ^ 二 (X) (4-2) 
B y using the known values o f <x>, Mw, P，and Q，we were able to calculate <x〉z 
and \x2(x) on the basis o f equations (4.1) and (4.2), which are 1.01x10"' and 
1.88x10-1，respectively. The ratio o f |i2(x)/<x>z^ (= 18.5) characterized the 
distribution width, which shows that the composition distribution (xi) in the WiMi 
space is broad. This is why the correction o f Mw,app to Mw is as high as 20%， 















































































































































































As stated before，the PET-PCL wi th high PET content (>50%), only two 
solvents can be found. Therefore, the modified method which combines the static 
and dynamic L L S results was adopted for this high content PET-PCL copolymer. 
Before applying this method to 48% and 58% PET-PCL, it was verified by using 
13% PET-PCL copolymer, and the result o f this method was used to compare 
w i th the traditional method. One point should be stated that although three 
solvents can be selected for 48% PET-PCL, the Mw,app different in the three 
solvents is so small that Mw,app 三 Mw. Later, we found that the chain composition 
distribution for the 48% PET-PCL is almost constant. Therefore, 13% PET-PCL 
was chosen to verify the modified method. 
On the basis o f equation (2.3.22), we can respectively calculate the apparent D, 
kd, and f f rom (r/q〗)“。。—。，(r/q!)^—。vs C, and ( r / q ” 。 — 。 v s q^ 
Experimentally, we found that f / q ' , where f = ① G(r)rdr，is nearly 
independent o f q^ which leads to a small value o f f = 0.1，and the dependence o f 
f / q ^ on C is less than that o f KC /Rw(6) on C，which is reasonable since kd in 
equation (2.3.23) contains one negative term in comparison wi th the only term o f 
___ —— —• 
2A2MW in static LLS. The extrapolation result o f the average D , k^, and f for 
the 13%, 48% and 58% PET-PCL samples are listed in Table 4. The small k^ and 
f values show that the correction o f a measured T/q^ to D is at most a few 
percent. 
Figure 16 shows typical diffusion coefficient distributions o f the l o w - M and high-
M 13% PET-PCL samples in tetrahydrofuran at 25°C. On the basis o f equation 










































































































































































































































































































































































































































































































































CCD. Since the Mw (here, it should be Mw,app) can be calculated f rom G(D) 
( M ) - _ ， l : G ( D ) d D (4 3) 
w/caicd jo"G(D)D〗aDdD 
For two samples wi th similar composition but different average molecular weights, 
we have two measured Mw,app values from static LLS and two calculated G(D) 
values from dynamic LLS, denoted as Mw,app,i, Mw,app,2, Gi(D), and G2(D). We 
also have two (Mw,app)caic(i values based on equation (4.3), denoted as (Mw,i)caicd 
and (Mw,2)caicd. The ratio o f (Mw , i ) c a i c d and (Mw,2)caicd is 
K , i L d f t G i ( D ) d D ] [ J : G 2 ( D ) D i a D d D ] (々 々） 
Each calculated (Mw,app)caicd should equal the corresponding measured Mw,app, 
which means that the left side of equation (4.4) can be replaced by the ratio 
Mw，app，I/ Mw,app,2. Thus there is only one unknown parameter OCD in equation (4.4). 
After iterating OCD, we are able to find a proper OCD which minimizes the difference 
between both sides o f equation (4.4). With this OCD，we can further determine the 
values o f ko from Mw,app and G(D) by using equation (4.3). The values o f ka and 
CCD for both the 13%, 48% and 58% PET-PCL samples in tetrahydrofliran and 
chloroform are summarized in Table 5. The values o f CCD show that both 
chloroform and tetrahydrofliran are good solvents for the PET-PCL samples. For 
the 48% and 58% PET-PCL sample, OCD is slightly larger than the maximum value 
o f 0.6 predicted for a flexible linear polymer chain in a good solvent. This 
suggested that the copolymer chain in the 48% and 58% PET-PCL sample is 
slightly extended, which is reasonable because there exists a large amount o f PET 
hard segments in the sample. Having determined ko and OCD，we are ready to 
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transfer G(D) in Figure 16 into fw,app(M) on the basis o f equation (2.4.6). 
Table 5 List o f the Calculated Values o f KO and OCD at 25°C and Summary o f Mw 
and Mw/Mn for the PET-PCL Copolymers. 
Sample Solvent ko ocd M ^ Mw/Mn 
13% PET-PCL Chloroform 5.3 x 10"^  0.59 
6.7 X 104 1.9 
THF 6.0 X 104 0.58 
48% PET-PCL Chloroform 3.6 x 10"^  0.61 
3.3 X 10' 2.1 
THF 4.5 X 104 0.61 
58% PET-PCL Chloroform 5.5 x 0.62 
3.4 X 10^ 1.8 
THF 5.8 X 10-^  0.60 
Figure 17 shows two apparent weight distributions based on the two difRision 
coefficient distributions in Figure 16 for the low-M (〇）and high-M ( • ) 13% 
PET-PCL samples. After repeating the above static and dynamic LLS 
measurements in chloroform, we were able to obtain another set o f apparent 
weight distributions for each PET-PCL sample. According to equation (2.4.7)，by 
using the values o f u in both tetrahydrofuran and chloroform in Table 1 and Table 
2 and the ratio o f fw,app’cHc丨，(河)to we were able to calculate 
WPET(M) as a function o f M. 
Figure 18 shows calculated chain composition distributions for the l ow-M (〇）and 
high-M ( • ) 13% PET-PCL samples. I t shows that the PET content increases 
wi th M when M < 〜4 x lO^ and approaches a constant value o f 〜14% in the high 






































































































































































































































































































































PCL sample overlaps with that of the low-M 13% PET-PCL sample in the same 
molecular weight range, which indirectly indicates that the estimation of the 
composition distribution is reasonable. The lower content of PET in the low 
molecular weight range might be explained by the synthetic procedure. As 
mentioned before, the synthesis is a two-step process. First, the PET segments 
were made by a polycondensation, and then the PCL segments (Mn =2000) were 
added for further polycondensation. I t should be noted that in the second stage, 
the average molecular weight of the PET segments should be higher than that of 
the initial PCL segments, and for the 13% PET-PCL sample, there was an excess 
o f PCL segments in the reaction vessel. Therefore, it is reasonable to assume that 
the low molecular weight portion of the 13% PET-PCL sample wi l l be richer in 
PCL segments or, equivalently, will contain fewer PET segments. 
Figure 19 shows the apparent molecular weight distribution o f 48% PET-PCL in 
C H C I 3 (〇）and in THF ( • ) , which indicates that for the 48% PET-PCL sample, 
the composition distribution is nearly constant. For the 58% PET-PCL sample, 
the composition distribution is also constant. Having W E T ( M ) , we can first 
calculated u (M) on the basis of equation (2.2.5) and then the true weight 
distribution fw(M) from fw,app(M) according to the definition o f fw,app(M). 
Figure 20 shows weight distributions for the 13% PET-PCL sample ( • ) and the 
58% PET-PCL sample (〇）.From these distributions, we calculated Mw and the 
polydispersity index Mw/Mn, which are also listed in Table 5. On comparison with 
the l ow-M 13% PET-PCL using the traditional method, the calculated Mw is close 
to the listed value of Mw obtained by using only two solvents. This leads us to 


























































































































































































































































































































































close to the true weight-average molecular weight. For both the 13% and 58% 
PET-PCL samples, the respective polydispersity index values of 1.9 and 1.8 in 
Table 5 are very reasonable in comparison with the prediction ofMw/Mn < 2.0 for 
a polycondensation reaction. For the 48% PET-PCL, M J M n is slightly greater 




As shown in the characterization o f PET-PCL, a new method was used to solve 
the problem o f measuring the specific refractive index increments o f both the PET 
and P C L segments in each o f three chosen solvents, wherein the specific refractive 
index increments o f two or more segmented copolymers wi th different PET 
content were used. This method is also useful for the characterization o f a random 
copolymer. Specific refractive index increments thus obtained enables us to 
estimate the average segment composition o f an unknown segmented PET-PCL 
copolymer sample. 
B y using a modified laser light scattering method developed in this study, i.e., a 
combination o f static and dynamic light scattering results, we could readily 
characterize a segmented copolymer by using only two solvents instead o f three 
solvents as required in the Bushuk-Benoit method. This two-solvent L L S method 
not only provides us wi th an alternative data analysis procedure but also enables us 
to characterize some special copolymers, e.g., the 58% PET-PCL sample in the 
present work，for which three appropriate solvents cannot be found. By using this 
two-solvent method, we can obtain both the molecular weight and chain 
composition distributions. I t should be emphasized that due to the experimental 
uncertainties and errors associated wi th all calculation, especially wi th the Laplace 
inversion o f the measured intensity-intensity time correlation function, the 
calculated composition is only an estimate. 
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